This work is part of a program that aims at studying the burr wood of thuja (Tetraclinis articulata). The goal of this work is to identify material symmetries of burr wood to improve its machining. To have a sufficient number of data and to limit the variability between samples, an ultrasonic experimental device, in direct contact on spherical samples, has been developed and improved. Until now, the geometry used in direct contact ultrasonic methods was either cubic or polyhedral allowing to obtain, on the same sample, 3 (cube) to 13 (polyhedron) measurements or usable data. By choosing a reasonable angular gap, the spherical geometry allows the ultrasonic velocity to be measured in 133 different directions on the same specimen. We present here the adaptation and development of the ultrasonic experimental device and results obtained on (i) aluminum chosen as a reference material, (ii) beech wood and (iii) burr wood of thuja.
INTRODUCTION
Thuja (Tetraclinis articulate (Vahl.) Master) is a species endemic to the South-western coast of the Mediterranean sea and especially Maghreb, with the addition of some islands in the South-east of Spain and Malta island (Hatimi 1994) . The largest area of thuja in North Africa is found in Morocco where it occupies approximately 608.000 ha (Hatimi 1994) . Thuja has the particularity of issuing sprouts from their stump, which is rare among conifers (Hatimi 1994) . Furthermore, it has the ability to develop burrs (Figure 1a and 1b) , an excrescence found under the collar of the tree, into the earth. The burr wood of thuja, is composed of dark growths of high density, mixed in a "matrix" of woody tissue of density close to that of thuja (El Mouridi et al. 2011) (Figure 1c ). this sector employs about 1690 workers, 440 of them are master craftsmen and the handicrafts exports are on the order of 400.000 USD (Hatimi 1994) . When properly worked, the wood of thuja burr reveals a remarkable speckled pattern, leading to a real aesthetic value (Figure 1c ). For this reason, this wood is very popular among marquetry artisans and cabinet makers. In recent decades, thuja burr has been the subject of a strong demand, the average quantity of thuja products consumption is about 212 kg of thuja burr/craftsman/month and 4 baulks/craftsman/month (Hatimi 1994) . It results in a large deficit in the raw material supply (baulks and burr wood) sector and led to over-exploitation and degradation of thuja forests of Morocco.
Wood machining relies on material symmetries resulting from wood growth. As thuja burr does not exhibit natural symmetries such as those of wood, the improvement of its cutting process requires the identification of its symmetries. To reach this goal, we selected ultrasonic methods as they offer many advantages such as reliability, simplicity and rapidity of implementation (Bucur 2006) . Moreover, these methods are pointed out for characterizing the material symmetries (or the mechanical behavior) and
give information on the structural properties of a material (Bucur 2006) .
There are two types of ultrasonic methods, the immersion method called goniometry and the direct contact method. For the first one, the transducers send waves to the specimen through a couplant liquid.
This method is applied on parallelepipedic specimen (Préziosa 1982) . For the direct contact method, as used in the present work, the transducers are directly stuck on parallel faces of the sample. According to Bucur (2006) , it's the most rapid way to determine the material symmetry. It is generally applied on cubic specimens (Bucur 1985 , Keunecke et al. 2007 , Kolhauser et al. 2009 ) and polyhedral specimens with 16 or 26 faces (François et al. 1998) . The use of this kind of geometry allows 3, 8 and 13, directions of measurements per specimen. However, the determination of material symmetries of a material by the ultrasonic method requires a large number of measurements (François et al. 1998 ) and a large number of specimens cut in different directions. The use of a single spherical specimen increases considerably the measurement direction number (133 in our case) and partly overcomes the problems of variability between specimens. Originally, the ultrasonic method by direct contact on spherical specimens is designed specifically for the determination of materiel symmetries. We use a theoretical modeling calculating the ultrasonic velocity from the material stiffness in any direction of a sphere (assuming density is constant in the specimen) to determine the 3D representation of the stiffness for isotropic and orthotropic materials. This method, applied to a quasi-orthotropic material like beech wood (Fagus sylvatica L.), allows the axes of orthotropy to be deduced from ultrasonic measurements.
Next, this method will be applied to the wood of thuja burr for determining its material symmetries.
MATERIAL AND METHODS

Material
The thuja burr used in this study comes from the forest of Khemisset (Morocco). It was collected from a 50-year thuja tree and has a dry density of 900 kg/m 3 . The first sawing was carried out with a band saw to give 60 mm thick plates. These plates were then dried under cover until they reached 8% moisture content (E.M.C.). Bars, of square section 40 mm wide, were machined from these plates.
Spherical specimens 36 mm in diameter were made in the bars using a numerical command lathe.
Experimental set-up
The experimental device ( Figure 2 ) consists in a pulse generator 5800 PR-wideband (35MHz, Parametrics, Sofranel), an oscilloscope 54621A (60 MHz Agilent brand) and an "ultrasonic bench" consisting of a frame, an angle pinpointing tool and two longitudinal ultrasonic transducers Parametrics V303 SU (1 MHz, Ø 13 mm).
Figure 2: Experimental device
We conducted preliminary tests on spherical beech samples, directly in contact with the flat surface of the two transducers (point-like contact). These tests showed a poor transmission of ultrasonic waves.
To solve this problem, we machined a (binding) interface in an aluminum alloy between the transducer surface and the sphere, to increase the contact area. This interface is centered on the extremity of the transducer and has a hemispherical contact area with the spherical material to be tested.
The presence of these two pieces induces a modification in the time of flight that must be corrected.
The correction is done by measuring the difference in time of flight with and without interface, on a material that has a good transmission even with a point-like contact between the transducer and the sphere. Aluminum alloy fulfills this requirement.
The identification of the direction of wave propagation requires firstly to place the sphere properly. The solution chosen is to place the sphere into orthogonal axes marked by a needle. . This velocity is related to the rigidity along * 2 e by the expression:
where ρ is the density of the specimen, V the velocity of wave propagation along ( ) 
Theoretical modeling
The aim of this theoretical modeling is to determine the stiffness of an anisotropic material in any direction according to:
-the coefficients ij C of the stiffness matrix (expressed in the principal axes),
-the measurement direction characterized by α and ϕ.
The stiffness tensor of an orthotropic material in its principal directions ( ) 
If the orientation of wood specimen deviates from the principal directions, the stiffness matrix must be transformed accordingly (Grimsel 1998 
where, for example,
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RESULTS
Theoretical results
We simulate an ultrasonic test on a sphere with an angular step of 10° for α and ϕ. At first, we present the numerical results obtained for the isotropic aluminum alloy, then, those obtained for a wood sample. From the 3D representation of the stiffness ) ,
values in all directions in the sphere, we demonstrate the use of principal component analysis (PCA) to find the principal directions of wood.
Aluminum Alloy
The input parameters for the aluminum alloy are:
GPa, ν 12 =ν 13 =ν 23 =0.33, G 23 = G 13 = G 12 =26 GPa, ρ = 2700 kg/m 3 . The material is isotropic, the characteristic ) ,
( ϕ α C is identical and equal to 102.2 GPa whatever the direction of measurement considered.
Wood
The axes ( ) The associated stiffness vector [C 11 , C 22 , C 33 , C 23 , C 13 , C 12 , G 23 , G 13 , G 12 
Experimental results
Application to beech wood
We conducted a first application of the ultrasonic method by direct contact on beech wood (Fagus sylvatica L.), that gives an orthotropic and homogeneous sample at the sphere scale (annual rings shape close to a plane), for which we identified previously the axes of orthotropy through anatomical observation. We chose to misorient the sample by applying two successive controlled rotations, a first one θ = 40°, and a second one ψ = 45°. The reference frame ( )
is no more identical to that of orthotropy ( )
. For an experiment done on a sphere of beech wood, the representation of experimental values of the stiffness (Figure 7) presents a shape similar to the theoretical one of figure   6 , except for the rotation that needs to be determined. The principal component analysis (PCA), a general geometric method allowing to find the principal direction structuring the data, can be used for that purpose as the distributions of rigidities are symmetric and the geometric axes of rigidity correspond to the principal axes of the stiffness matrix. We apply the PCA method to the experimental stiffness values in two steps to find the axes of orthotropy, i.e, to find the values of the angles θ and ψ.
First, the application of the PCA method from all values of ) ,
gives the direction of principal axis (PA 1 ) defined by the angle ψ (Figure 7) . We extract from the data the values belonging to the plane perpendicular to the principal axis (PA 1 ) and passing through the center O; this plane contains the two other principal axes PA 2 and PA 3 , both orthogonal to PA 1 . The shape of these values, in Figure 8 shows an elliptical distribution. To determine the major axis and minor axis of the ellipse, we perform a second application of the PCA method. The three directions of orthotropy are thus determined. We obtained the following results:
• 46.5° for the ψ angle, imposed experimentally at 45°;
• 33.4° for the θ angle, imposed experimentally at 40°;
These results represent an error on the determination of directions R, T and L equal to 6.6°, 4.8° and 5° respectively. The PCA method thus gives the three axes of orthotropy with a relatively good accuracy.
The table 1 gives the values of stiffness constants of beech wood, measured and those predicted by the empirical model of Guitard (1987) in the 3 principal axes of material symmetry (R,T,L): Application to the burr wood of thuja
We applied the ultrasonic method on four spherical samples of thuja burr extracted from the same bar.
We present here the results obtained on one sample only. As we don't know the principal directions, . Contrary to the beech wood sample, it is not useful here to apply the PCA method a second time for determining the other axes.
Indeed, this circular distribution reflects a transversely isotropic behavior of the thuja burr.
The values of stiffness constants of burr wood in the 3 principal axes of material symmetry are:
C 11 = C 22 = 4.5 GPa and C 33 = 6.6 GPa.
Therefore, the values of the stiffness ratio between these 3 directions are: The stiffness values in the axes 1 and 2 have the same order of magnitude contrary to that in the axis 3, which is slightly higher (i.e., slight transversely isotropic behaviour).
Discussion
The experimental results show that the beech wood has a "stiffness map" (Figure 7 ) whose shape is similar to the theoretical one ( Figure 6 ). The PCA, used here to identify the principal direction, is a general geometric method yielding the principal direction structuring the data. The main limitation of this method (for the present study) is its sensitivity to point concentration due to a higher density of measurements at the poles. This problem could be solved by using the weighted PCA. The difference in the angles values may be due not only to this measurement points density variation but also to inaccuracy during parallels and meridians indexing and during identification of measurement directions. Repeatability tests should be conducted to assess all sources of errors even they remain quite small. The stiffness values of beech wood (anisotropy ratios) found by this method have the same magnitude as those found in the literature on similar sample (Guitard 1987 , Grimsel 1999 , François 2000 , Thibaut et al. 2001 , Bucur 2006 ). Considering the small differences observed in table 1 and 2 between the measured values and the ones predicted by the empirical model of Guitard, the fact that this empirical model only takes the density into account (but not the microfibrils angle for example) and the quite small error in the misorientation angles determination (Figures 7 and 8) , we considered that the ultrasonic method applied to spherical sample of wood and the PCA analysis are validated (for this kind of wood, or density, at least) and should be easily applied to any kind of material as it has been successfully used on aluminium sample too. This method is then very useful for obtaining a fast assessment of the elastic anisotropy and principal directions of a given material using only one sample.
That is very important in the case of wood studies (e.g., elastic properties radial and tangential gradients in a log), as variability from one sample to another can be high. Moreover, this method could allow us to obtain more information on the stiffness matrix than only the C ii values by using a reverse identification of the stiffness matrix using the stiffness map.
In the case of the thuja burr wood, for which no data is available to our best knowledge, our experimental results show that thuja burr wood has a transverse isotropic behavior. Indeed, the stiffness map shows the presence of a slightly stiffer direction. In the plane perpendicular to this direction, the wood has a very low anisotropy expressed by an anisotropy ratio practically equal to 1.
In the case of a hardwood, with density usually ranging from 0.3 to 0.8 g/cm 3 , the values of anisotropy ratio vary from 4 to 10, 5 to 20 and 1.2 to 2.5 for (Guitard 1987 , Green et al. 1999 . Fibers and tracheids are the reinforcing elements according to their axis, most fibers are oriented along the axis of the trunk, which gives a fibrous reinforcement in the longitudinal direction and therefore a higher stiffness value. The presence of rays in the radial direction and their absence in the tangential direction leads to an increase in the radial direction from the tangential direction, which gives low values of stiffness constants in the tangential direction. While in the case of thuja burr wood the value of this ratio is less than 2, which is very low. This result shows that the thuja burr wood has a completely different mechanical behavior compared to wood. In order to determine the origin of this low value of anisotropy ratio and also the quasi-isotropy in the transverse plane to the stiffer axis, we did an anatomical study to see the effect of the presence of strong excrescences and of the irregular growth of this material. The fibres cells close to these excrescences have grown parallel to them whereas there are significant angular variations between cells (that can reach 90°) in the "matrix" surrounding excrescences. This cells disorder explains the quasi-isotropic behaviour of the burr wood of thuja (El Mouridi et al. 2011 ) and the fact that, in average, values obtained on burr wood are between the values measured in the transverse R-and T-directions (C RR ≈ 2.6 GPa and C TT ≈1.3 GPa) and in the longitudinal L-direction (C LL ≈ 15 GPa) of thuja wood (Dakak, 2002) .
CONCLUSION
In this article we have presented the adaptation of an experimental bench for stiffness measurement by ultrasonic contact on spherical samples. This method has been used to find the material symmetries of the burr wood of thuja, based on a series of ultrasonic measurements in transmission on a spherical specimen. The application to a beech wood specimen allowed us to check the ability of the procedure in finding the axes of orthotropy for this particular material. The error on direction R, T, L was 6.6°, 4.8° and 5° respectively. The experimental results of this method applied to the thuja burr show the existence of axis of symmetry such that the burr wood of thuja has a transverse isotropic behavior. For future studies, an alternative method for the determination of material symmetries is under development. This method consists in expressing the theoretical relation between a stiffness tensor given in any coordinate system and the resulting stiffness map, and then performing a reverse identification of these parameters using a least square method.
